Chilo iridescent virus (CIV) is a large (∼1850 Å diameter) insect virus with an icosahedral, T = 147 capsid, a double-stranded DNA (dsDNA) genome, and an internal lipid membrane. The structure of CIV was determined to 13 Å resolution by means of cryoelectron microscopy (cryoEM) and threedimensional image reconstruction. A homology model of P50, the CIV major capsid protein (MCP), was built based on its amino acid sequence and the structure of the homologous Paramecium bursaria chlorella virus 1 Vp54 MCP. This model was fitted into the cryoEM density for each of the 25 trimeric CIV capsomers per icosahedral asymmetric unit. A difference map, in which the fitted CIV MCP capsomers were subtracted from the CIV cryoEM reconstruction, showed that there are at least three different types of minor capsid proteins associated with the capsomers outside the lipid membrane. "Finger" proteins are situated at many, but not all, of the spaces between three adjacent capsomers within each trisymmetron, and "zip" proteins are situated between sets of three adjacent capsomers at the boundary between neighboring trisymmetrons and pentasymmetrons. Based on the results of segmentation and density correlations, there are at least eight finger proteins and three dimeric and two monomeric zip proteins in one asymmetric unit of the CIV capsid. These minor proteins appear to stabilize the virus by acting as intercapsomer cross-links. One transmembrane "anchor" protein per icosahedral asymmetric unit, which extends from beneath one of the capsomers in the pentasymmetron to the internal leaflet of the lipid membrane, may provide additional stabilization for the capsid. These results are consistent with the observations for other large, icosahedral dsDNA viruses that also utilize minor capsid proteins for stabilization and for determining their assembly.
Introduction
The nucleocytoplasmic large DNA viruses include the Asfarviridae, Iridoviridae, Phycodnaviridae, Poxviridae, and the new family of giant Mimiviridae.
1,2 All of these viruses have double-stranded DNA (dsDNA) genomes ranging in size from ∼ 130 to 1200 kb, and all but the families Baculoviridae and Poxviridae have virions with icosahedral capsids. Many genes of these viruses show significant sequence similarities among themselves and to their host homologs. 3, 4 This suggests that their viral genomes are constituted from a mosaic of genes derived from a variety of hosts during evolution. 5 Such large genomes account for many functions of a living cell and, hence, raise questions about the boundaries that distinguish these viruses from living organisms.
Structural studies of icosahedral, nucleocytoplasmic large DNA viruses include the 7500 Å-diameter Mimivirus, which infects amoeba; 6 the 2200 Å-diameter Phaeocystis pouchetii virus (PpV01), which infects and lyses haptophytes; 7 the 1900 Å-diameter Paramecium bursaria chlorella virus type 1 (PBCV-1: family Phycodnaviridae), which infects unicellular, eukaryotic, chlorella-like green algae; [8] [9] [10] and the 1850 Å-diameter Chilo iridescent virus (CIV: family Iridoviridae), which infects the rice stem borer insect. 8 All these viruses have an outer protein capsid composed of arrays of pseudohexagonal, but actually trimeric, capsomers organized into 20 equilateral trisymmetrons and 12 pentagonal pentasymmetrons. 11 Inside the outer protein layer there is at least one, 40 Å-thick lipid membrane bilayer that envelopes the genome and other viral proteins. The lipid membrane adopts an icosahedral morphology that roughly follows the contour defined by the outer layer of capsomers. The principal difference in the capsids of these large dsDNA viruses lies in the number and arrangement of capsomers that make up the trisymmetrons and pentasymmetrons, as is defined by their triangulation number. 12 Capsomers within a trisymmetron all pack in essentially the same orientation, which differs by ∼60°from the capsomers in neighboring trisymmetrons. This opposing arrangement creates cleavage planes at the trisymmetron boundaries. A consequence of the approximately 60°rotation between the trimeric capsomers on either side of trisymmetron boundaries is to introduce a series of successive radial, local dyads that relate the capsomers in neighboring trisymmetrons and result in alternate long and short interparticle distances. 10 The structure of the capsomers in these large dsDNA viruses consists of three monomers related by 3-fold symmetry. Each monomer consists of two "jelly-roll" domains 13 that occur in succession along the polypeptide chain, placed so as to generate pseudohexagonal symmetry. Similarly, pseudohexameric capsomers occur in smaller icosahedral dsDNA viruses such as adenovirus, 14, 15 the lipid-containing phage PRD1, 15, 16 the marine phage PM2, 17 Bam35, 18 as well as small, non-enveloped RNA viruses 9 such as cowpea mosaic virus 19 and picornaviruses, 13 but none of these have capsomers organized into trisymmetrons and pentasymmetrons. These similarities suggest that the capsids of these icosahedral dsDNA viruses have evolved from a primordial double jelly-roll structure that forms pseudohexagonal capsomers. 9, 20 The jelly-roll structure itself may be even more ancient, as it also occurs in the capsid proteins of small icosahedral viruses such as the single-stranded DNA parvoviruses 21 and bacteriophage phiX174. 22 CIV has a wide host range that includes leafhoppers and some arthropods and has been touted as a potential pest control agent. 23 The densely packed, crystalline arrays of virions in CIV-infected cells produce a characteristic blue to purple iridescence. The CIV virion (∼ 1 × 10 9 Da) encapsidates a 212,482-bp dsDNA genome within its fiber-covered, icosahedral shell. 23, 24 The CIV genome accounts for about 12% of the particle mass. Similar to other iridoviruses, such as frog virus 3, 25 fish lymphocystis disease virus, 26 and the T-even bacteriophages (family Myoviridae), 27 the CIV genome is circularly p e r m u t e d a n d h a s a b o u t 1 2 % g e n o m e redundancy. 28 CIV virions contain more than 30 structural proteins. P50 (51.4 kDa, 467 amino acids), the major capsid protein (MCP), accounts for almost half of the total protein mass. 29, 30 It has ∼ 21% sequence identity to Vp54, the MCP of PBCV-1. 20 The location and organization of all other structural proteins are unknown. The CIV virion contains 9% lipid, sufficient to form a continuous internal lipid bilayer. The viral membrane is abundant in phosphatidylinositol and diglycerides and has a composition that distinguishes it from the host cell, suggesting that CIV could acquire it de novo during particle morphogenesis. 31 An earlier cryoEM and three-dimensional (3D) image reconstruction study of CIV at 26 Å resolution showed that the protein shell has a maximum diameter of 1850 Å and consists of 12 pentavalent pentamers and 1460 hexavalent trimers 8 arranged with T = 147 (h = 7, k = 7) icosahedral, quasi-equivalent symmetry. 8 Each of the 12 pentasymmetrons consists of one pentameric complex at its center (vertex) surrounded by 30 P50 trimers. The asymmetric unit of the 5-fold symmetric pentasymmetron consists of one monomer from the pentamer and six P50 trimers, with the trimers adopting two distinct orientations differing by ∼ 60°rotation about their 3-fold axes. Each of the 20, 3-fold symmetric trisymmetrons consists of 55 capsomers, all of which are aligned with a similar rotational orientation. The asymmetric unit of the trisymmetron consists of 18 1/3 capsomers, with the trimer at each icosahedral 3-fold axis contributing one monomer to each unit.
Structural and sequence similarities among the MCPs of icosahedral dsDNA viruses such as PpV01, PBCV-1, CIV, PRD1, adenovirus, and Bam35 suggest that the MCPs of these viruses originated from a common ancestor. 7, 20, 32 However, differences of the structure and arrangement of minor capsid proteins of PRD1, adenovirus, PM2, 17 and Bam35 indicate that the assembly pathways of these viruses evolved separately. 32 For example, PRD1 and Bam35 contain extended "tape measure proteins" that bridge the icosahedral 5-fold axes and roughly trace the twofold edges of the icosahedral faces and, hence, probably dictate virion size during assembly. Here we report a 3D cryo-reconstruction study of CIV in which features not apparent in an earlier study at 26 Å resolution, 6 such as the locations and arrangement of several minor capsid proteins, could be discerned at ∼ 13 Å resolution. Analysis of these new features demonstrates that CIV differs from PRD1, Bam35, and adenovirus in that the minor capsid proteins of CIV that connect the MCPs are globular instead of extended polypeptides. Another variation in the usage of minor capsid proteins occurs in the halophilic euryarchaeal virus SH1, which has a series of external globular minor capsid proteins. 33 
Results and Discussion
CryoEM and 3D image reconstruction of CIV at 13 Å resolution Samples of CIV (∼3 mg/ml) were purified and prepared for cryoEM as described earlier. 8 Images of vitrified virions were recorded on film and processed (Materials and Methods) (Fig. 1a) . The resolution of the 3D map was estimated to be ∼ 13 Å, based on the standard 0.5 Fourier shell correlation threshold. 34 The CIV structure seen at 13 Å resolution has the same morphology and gross features as were observed in the earlier, 26 Å reconstruction. 8 However, numerous details can be identified in the 13 Å resolution but not in the 26 Å resolution map. The improved resolution was primarily the result of the increased number of particle images (1800 versus 460) included in the new reconstruction, but was also due to the use of higher voltage (300 versus 200 keV), a wider range of defocus settings (0.8-3.0 versus 2-2.5 μm), and use of enhanced processing and refinement methods. 35 The most conspicuous features of the CIV structure are the 1460 hexameric capsomers and 12 pentameric vertex complexes on the viral surface (Fig.  1b-g ) and their organization into tri-and pentasymmetrons (Fig. 2a) . Each of the 1460 capsomers is ∼ 76 Å thick, has a hexameric morphology, and has a central fiber (∼ 20 Å diameter) that extends outward along the capsomer 3-fold rotational axis ( Fig. 1f and g ). All fibers, as measured in unprocessed micrographs, appear to project radially about 350 Å beyond the capsid surface. However, they only appear ∼ 60 Å long in the cryoEM reconstruction, indicating that the fibers are flexible and their distal parts are positioned more randomly with respect to the capsid, which leads to smearing of the fiber density in the icosahedrally symmetrized reconstruction.
The P50 capsomers
In CIV, as in PBCV-1 8 and PpV01, 7 the capsomers are grouped into 20 trisymmetrons and 12 pentasymmetrons (Fig. 2a) . Within a trisymmetron, capsomers are packed with a mean separation of ∼ 75 Å and all adopt a similar orientation. However, capsomers on either side of the boundary between two trisymmetrons are packed with intercapsomer separations that alternate between slightly longer (∼ 78 Å) and shorter (∼ 73 Å) 10 distances. A similar alternating pattern was also observed in the arrangement of capsomers in PBCV-1, 7 where the corresponding intercapsomer separations are ∼ 78 and ∼ 75 Å, 10 respectively. This pattern is what creates the lines of cleavage, first observed in Sericesthis iridescent virus, 11 between adjacent trisymmetrons and between trisymmetrons and pentasymmetrons (Table 1 and Fig. 2b ). Although all trimers within a trisymmetron are similarly oriented, two of the six in each asymmetric unit of a pentasymmetron (capsomers 1 and 2 in Fig. 2 ) are rotated by ∼60°relative to the others.
A capsomer must sit at the center of each face of the icosahedron, coincident with the icosahedral 3-fold axes whenever the h and k integers that define the triangulation symmetry (T) are both odd, as is the case for CIV with T = 147 (h = 7, k = 7). In contrast, in viruses such as the T = 25 (h = 5, k = 0) PRD1, 16 the T = 169d (h = 7, k = 8) PBCV-1, 8 and the T = 219 (h = 7, k = 10) PpV01, 36 the icosahedral 3-fold axes pass between capsomers.
The crystal structures of the trimers of different MCPs, including Vp54 of PBCV-1, 9 P3 of PRD1, 16 and P2 of PM2, 17 have a consistent structural motif that consists of six jelly-roll domains with a hollow hydrophobic 15 cavity in the middle of the trimer. However, in CIV, this cavity is plugged by the long flexible fiber that, most likely, is the first component of the virion that comes into contact with and recognizes the surface of a potential host. The presence of 1460 of these fibers creates a halo around each virion. It seems unlikely that this halo is required merely to assure effective interaction with the host and may include other roles such as protection against harsh environments. In PBCV-1 and PpV01, there is one special capsomer per icosahedral asymmetric unit that has a central fiberlike protrusion, 7 whereas in CIV, every capsomer has a fiber. There are 18 1/3 capsomers in the asymmetric unit of the trisymmetron and six capsomers per asymmetric unit of the pentasymmetron in CIV. This contrasts with PBCV-1, which has 22 and 6 capsomers, respectively. The capsomer structure in CIV shows subtle differences in pentasymmetrons and trisymmetrons as evidenced by fitting the homology model of a CIV capsomer (Materials and Methods) into the 25 distinct capsomer densities in the CIV cryoreconstruction. The fitting scores 41 for capsomers in the trisymmetron (averaged Sumf = 51.9) were about 6% better than those in the pentasymmetron (averaged Sumf = 48.9). These differences might reflect conformational variations among the capsomers and might also signify that the pentasymmetrons are formed not from P50 but, instead, a different CIV coded protein that is homologous to P50.
Structure of the pentameric complex
Adenovirus capsids have fibers associated with their pentameric vertices 14 but CIV has a complex, mushroomlike structure at its vertices (Figs. 1e-g and 3). The head of the complex has the appearance of a five-blade propeller, with a maximum outer diameter of ∼ 110 Å. Each blade points downward and, when seen at the vertex from outside of the virus, the tip of each propeller blade is twisted in an anticlockwise direction to make contact with two peripentonal MCP monomers. A small, ∼ 10 Å-diameter hole at the center and top of the pentameric complex leads into a 20 Å-deep, flask-shaped cavity that is 25 Å wide at its base. The stalk of the complex, ∼ 90 Å in diameter, extends radially downward toward the viral membrane and makes additional contacts with the peripentonal capsomers. The size of the pentameric complex far exceeds that of a P50 capsomer. The diameter and maximum height of the CIV pentameric complex are 110 and 127 Å versus 73 and 76 Å for a capsomer, respectively.
Caspar and Klug 12 had correctly predicted that the capsids of icosahedral viruses would generally be assembled of hexamers and of pentamers at 5-fold vertices with the monomers in the hexamers and pentamers having quasi-equivalent environments. However, larger viruses with their greater coding capacity have allowed divergent evolution from a primordial single jelly-roll structure to quasi-hexameric capsomers and specialized pentameric complexes to give greater freedom for these proteins to fit into their respective environments. The adenovirus 33 pseudo-sixfold capsomers are assembled from three double jelly-roll monomers as also occurs in CIV, PBCV-1, 9 Sulfolobus turreted icosahedral virus (STIV) 37 and PRD1. 14 However, the special vertex proteins of adenovirus and PRD1 16 have a simpler, single jelly-roll structure. 38 Another example is the special vertex protein, gene product 24 of bacteriophage T4, which has an "HK97" fold 36 and is homologous to gene product 23, the T4 MCP that forms hexameric capsomers. Considering the structure of the adenovirus vertex protein 38 and assuming the vertex proteins of larger viruses such as CIV have evolved similarly, the pentameric vertex complex of CIV likely consists of monomers with a single jellyroll motif. However, the estimated molecular mass of about 40 kDa for the vertex subunit, based on a comparison of volumes with the P50 capsomers (Materials and Methods), suggests that there are large insertions (∼12 kDa total) in the single jelly-roll.
Lipid membrane and virion core
In CIV there is a layer of moderate density, with distinct features, attributed to several minor proteins (see below), that lies immediately beneath the 1460 trimeric capsomers and 12 pentameric vertex complexes. This density merges with a region of disordered, low-density structure on the outer leaflet of the viral membrane.
The prominent, nonspherical CIV bilayer in the virion interior has a "railroad track" profile characteristic of the two lipid-containing leaflets of a typical cellular membrane (Fig. 1c) reminiscent of the lipid membrane such as seen in flaviviruses. 39 The distinctive structure of the membrane means that its morphology must be dictated at least in part by the symmetry of the capsid, perhaps owing to attractive electrostatic forces between the inner surface of the capsid and the outer surface of the membrane. These forces maintain a fairly constant distance between membrane and capsid. Most of the viral membrane is ∼ 40 Å thick, typical of membranes in eukaryotic cells, but it is only ∼ 30 Å thick in the regions just below the 5-fold vertices.
The inner leaflet of the membrane is ∼ 30 Å from the nucleocapsid. The outer leaflet is ∼ 70 Å from the capsomer densities near the 2-and 3-fold axes and ∼ 40 Å from the pentameric complex. The large volume of density in the virion core, representing the viral genome and other minor proteins, is relatively featureless. In many unprocessed CIV images, the core is partially separated from the lipid membrane, especially in the vicinity of the 5-fold vertices (Fig. 1a) .
Removal of the MCP density from the cryoEM map
In the absence of a crystal structure for the CIV MCP P50, a homology model was built (Materials and Methods) of trimeric P50 based on its sequence similarity to Vp54, the MCP of PBCV-1. 20 The programs Situs 40 and EMfit 41 were used to fit this preliminary homology model into each of the densities corresponding to the 25 CIV capsomers within the icosahedral asymmetric unit. The Situs procedure depends on density gradients and, thus, primarily fits surface features of the model to the density. The EMfit procedure aims at maximizing the fit of all model atoms to the density map. The rms difference in the position and orientation of each capsomer as determined by these distinct procedures was less than 2.0 Å and 2.0°, respectively. The accuracy of the fitting was further improved by using a polynomial function that computed the position of all 55 capsomers in a trisymmetron, assuming a smooth variation of the translational and rotational parameters across the surface of the virus. Each capsomer was assigned two indices to identify its position within the hexagonal array of capsomers (Materials and Methods). The rms difference between the observed and calculated (by means of the polynomial function) capsomer positions and orientations was about 1.5 Å and 1.2°, respectively, less than the difference between the Situs and EMfit results. Thus, the polynomial function seems to provide a reasonable means to minimize the error of the independently fitted capsomer model to each of the capsomer densities in the cryoEM map.
A difference "−(P50)" map of the complete CIV particle was computed by setting to zero the density within a 4 Å radius of every atom in the final homology model after it was translated and rotated to each of the 1460 capsomers in the original CIV cryoEM map. In addition, all density enclosed by the inner leaflet of the membrane was set to zero. 42 The resultant −(P50, core) difference map depicted all density inside and outside the membrane not accounted for by the homology model fitted into each of the capsomer densities. Aside from membrane-associated density remaining in the −(P50, core) map, a series of prominent, repetitive structures were observed along with some other, lowerdensity features, presumably corresponding to the presence of icosahedrally-ordered minor capsid proteins. The largest densities with repeating features were situated below the trisymmetrons (Fig.  4) , whereas the density below the pentasymmetrons did not show any obvious repeating features.
Minor capsid proteins: the finger protein
The largest uninterpreted densities in the difference map have a fingerlike morphology that is repeated by translations, found immediately below the conjunction of sets of three neighboring capsomers within the trisymmetrons (Fig. 4) , as would occur in a hexagonally close packed arrangement. Each finger protein has a globular base that interacts with the low-radii portions of three neighboring capsomers and has an ∼ 55 Å-long, fingerlike feature that points radially inward toward the lipid membrane. However, there is no verification that this is a single molecular species. Seven such finger proteins, clearly visible in the −(P50,core) map (finger proteins 1-4 and 7-9 in Fig. 4) , are arranged in two rows in each asymmetric unit of a trisymmetron. In addi- The ellipse, triangle, and pentagon symbols highlight the positions of 2-, 3-, and 5-fold icosahedral axes, respectively. All P50 trimers are depicted as three filled disks enclosed by a hexagon. The icosahedral asymmetric unit contains 24 1/3 of these capsomers (numbered in black). Each trisymmetron contains 55 capsomers, all oriented similarly and rotated by 60°r elative to those in the adjacent trisymmetron. Twenty-seven finger proteins (blue) bind to each trisymmetron (nine within one asymmetric unit are numbered in white). Eighteen zip dimers (red) form the interface between one trisymmetron and its three adjacent trisymmetrons. Six zip monomers (orange) form a portion of the interface between a trisymmetron and its neighboring pentasymmetrons. The transmembrane anchor proteins (green) are associated with capsomers 2 and 3 beneath the pentasymmetron. tion, two similar but less well-defined fingerlike proteins appear at one end of the two rows (Fig. 4 , finger proteins 5 and 6). The density for each of the seven unambiguous finger proteins was individually segmented based on density gradients and connectivity (Materials and Methods). 42 Assignment of density to a particular structure such as a finger protein was substantiated by computing correlation coefficients between pairs of corresponding, segmented densities. An average correlation of about 0.9 was found for comparisons among the seven, best-defined finger densities ( Fig.  5a and b) . The two less-well defined finger proteins had average correlations between 0.7 and 0.5 with the other seven ( Fig. 5a and b) . Furthermore, the correlation between any of these seven finger proteins and densities at other corresponding sites was about 0.4 or lower (Fig. 5a and b) , suggesting no finger proteins occur at these other sites. The seven well-defined finger proteins were averaged based on the rotational and translational relationships of their associated capsomers (Fig. 5c) .
In PRD1, 43 PM2, 44 , and STIV, 37 as in CIV, similar minor capsid proteins bridge the space between the capsomers and the outer leaflet of the lipid membrane. By comparison with PRD1, 45 the CIV finger proteins might serve as "cement" or "glue" proteins required for capsid assembly.
Minor capsid proteins: the zip protein
A mask generated from the average finger density was used to identify and zero out density attributed to all 540 finger proteins in the −(P50,core) map. The resultant −(P50,core,finger) map showed density located primarily just below the boundaries between neighboring trisymmetrons and between trisymmetrons and pentasymmetrons. However, the density under the boundaries between neighboring trisymmetrons exhibited a translationally repeating pattern. Like the finger proteins, the higher-density features of this pattern were centered under the holes created by the convergence of three capsomers to produce a hexagonally close-packed assembly. Because the orientation of capsomers is different in neighboring trisymmetrons, the additional densities below the trisymmetron boundaries have an environment different from that of the finger proteins. Thus, these densities ("zip proteins") probably represent a different minor capsid protein that helps bind neighboring trisymmetrons together.
Six repeating units of zip protein densities were identified at successive quasi-2-fold axes that relate capsomers in adjacent trisymmetrons 10 (associated with capsomers 20, 21, 22, 23, 24, and 25 in Fig. 4b ). The densities of these six zip proteins had approximate 2-fold symmetry coincident with the quasi-2-fold axes between the overlaying capsomers. 8 These zip proteins connect capsomers across trisymmetron boundaries separated by distances that are systematically longer than the distances between capsomers within trisymmetrons ( Table 1) . The correlation coefficient between each zip protein and its superimposed, 2-fold-related structure was 0.8 to 0.9 (Fig. 6a) . However, the correlations with densities in the corresponding gaps between other capsomers were less than 0.6 (Fig. 6a) . Therefore, the six zip dimers were averaged based on the rotational and translational relationships of the capsomers with which they interact (Fig. 6c) .
The densities associated with capsomers 5 and 7 ( Fig. 6b ) correlated much better (0.8 and 0.9, respectively) with the density of a zip monomer than with the density of a zip dimer (Fig. 6a) . This result might indicate that densities associated with capsomers 5 and 7 are monomeric, but not dimeric, zip proteins. Therefore, there are eight zip protein monomers along one edge of a trisymmetron, six of which form dimers with the zip proteins in the neighboring trisymmetron and the other two are monomers at the interface between trisymmetron and pentasymmetron (Fig. 4) .
Minor capsid proteins: the anchor protein
Additional density is situated below capsomer 2 (Fig. 4) and traverses the lipid membrane. This structure ("anchor protein") appears to tether the lipid membrane to the pentameric vertex complex. It is the only detectable, icosahedrally-ordered transmembrane protein in CIV. Similar transmembrane tethering proteins near the 5-fold vertices have been reported to occur in PRD1, 16 Bam35, 18 and STIV. 37 The CIV anchor protein may help stabilize membrane curvature in the vicinity of the pentasymmetrons.
The putative identification of finger, zip, and anchor proteins leaves significant unassigned regions of density in the CIV cryo-reconstruction outside the nucleocapsid (Fig. 4a) . Indeed, extra densities occur under the pentasymmetrons, below the boundaries between trisymmetrons and pentasymmetrons, below the 20 capsomers at the icosahedral 3-fold axes, and between groups of finger proteins. However, density in these regions is either too weak, nonperiodic, or not extensive enough to yield definitive interpretations in the 13 Å resolution cryoEM map.
Molecular mass estimates
The molecular masses of the minor capsid proteins were estimated using the known molecular mass of the MCP (51.4 kDa) as a standard. Thus, it was necessary to determine the averaged volume of the MCPs and compare it with the volume of each of the minor capsid proteins. As the spatial limits of the envelope were not known precisely, estimates of molecular masses were computed using a series of density contour levels ( Supplementary Fig. 1 ). The molecular mass of each minor capsid protein (finger protein, zip protein, pentameric complex, and anchor protein) was given by:
where M represents mass and V represents volume.
The ratios of the volumes should be independent of the contour level used to determine the volumes. However, when choosing a contour level greater than the maximum density of that minor capsid protein, then the mass of the minor capsid protein would calculate as zero. Thus, the ratio of the volumes becomes constant only when the contour level truly encompasses the volume of the protein. Hence, at progressively lower contour levels, the estimated molecular mass of the minor capsid protein increased until further lowering of the contour level did not increase the apparent volume of the minor capsid protein. The common contour level at which there was no further significant increase in the estimated mass of the minor capsid protein was used to define the envelope of each protein. Conversely, if the maximum density of the minor capsid protein is greater than that of the MCP (as is the case in the pentameric vertex), the estimated molecular mass will decrease until the density level has reached the limits of the envelope. In all cases, the contour level that yields reliable mass estimates was found to be ∼ 30 arbitrary units of density, which corresponded to 0.55 Da/Å 3 for the MCP. At this contour level, the estimated molecular masses for the finger, zip, pentameric complex monomer, and anchor proteins were found to be 19.7, 11.9, 39.3, and 32.4 kDa, respectively. The standard deviations of the molecular mass estimates for the finger and zip proteins were 1.5 and 1.4 kDa, which provides an approximate estimate of the error in the estimate of the mass. However, these estimates do not take into account error caused by variation in occupancy and order of the proteins. Resolution of the bands in SDS-PAGE gels of the whole virion (data not shown) was insufficient to identify these proteins with any degree of certainty when considering their position on the gel appropriate for their estimated mass and the intensity of the band that should be roughly proportional to the copy number.
CIV assembly
What roles, if any, do the minor proteins serve in directing the assembly of CIV? The finger and zip proteins both appear to stabilize the capsid by cross-linking sets of three adjacent capsomers. Finger proteins stabilize trisymmetrons, whereas zip proteins link trisymmetrons to neighboring trisymmetrons and pentasymmetrons. In phage PRD1, the elongated minor capsid protein, P30, is located between the outer icosahedral capsid and the lipid membrane and extends along the edge of each icosahedral face. 16 Thus, P30 has been likened to a "tape measure protein" that regulates the size of each face and, hence, the size of the virus. 16 P30 also likely contributes to the stability of PRD1 by linking capsomers together. In contrast, no tape measure proteins have been identified in adenovirus 46 or in STIV. 37 We show here that CIV has several different minor capsid proteins situated between the assembled outer capsomers and the viral membrane, but there is no clear evidence for an extended, tape measure protein. What then determines the final size of capsids in CIV, adenovirus, or STIV? Since the number of minor capsid proteins increases with virus size, it may be that minor proteins affect assembly by regulating the sizes as well as interactions of subassembly units such as trisymmetrons and pentasymmetrons.
Materials and Methods
CryoEM and 3D image reconstruction of CIV Samples of CIV were purified and prepared for cryoEM as described earlier. 8 The final concentration of the virus sample vitrified was ∼ 3 mg/ml. Images were recorded on Kodak SO-163 film in an FEI/Philips CM300 FEG electron microscope at 33,000× nominal magnification with defocus levels ranging from 0.8 to 3.0 μm and with an electron dose of ∼22 e − /Å 2 . Of the 210 micrographs recorded, 180 exhibiting minimal astigmatism and effects of specimen drift and charging were digitized at 7-μm intervals on a Zeiss Phodis microdensitometer and these data were bin-averaged to yield an effective pixel size of 4.24 Å. The program RobEM † was used to extract 6925 individual CIV virion images from these micrographs. Model-based procedures were used to determine and refine particle origin and orientation parameters for each particle. 47 The previously published CIV reconstruction served as the initial model. 8 Challenges inherent in the analysis of the 471 2 -pixel-dimension CIV images stimulated the development of the AUTO3DEM automated image reconstruction software. 35 The 3D reconstruction of CIV reported here was computed from 1800 particle images to a resolution limit of 10 Å, with Fourier coefficients beyond 11 Å damped by a Gaussian fall-off. The effective resolution, defined as the point where the Fourier shell correlation 34 fell below 0.5, was found to be 13 Å.
The P50 trimer homology model CIV P50 and PBCV-1 Vp54 have 21% amino acid identity and 33% similarity. Thus, a homology model of P50 was constructed by building the CIV P50 amino acid sequence into the PBCV-1 Vp54 structure. The resultant model was refined using the program O 48 to obtain idealized geometry. Insertions in the P50 sequence were not included in the initial model. The biggest omitted loop consisted of about 20 amino acids. This homology model of the CIV P50 monomer was then superimposed onto each of the three monomers of the crystallographically determined Vp54 trimer 9 to create the CIV capsomer model. Manual adjustments of the model were made to relieve steric clashes between adjacent P50 monomers.
Refinement of the positional and orientational parameters for the capsomers
Translational and rotational transformations that relate the coordinates of the trimeric homology model to each capsomer change smoothly from one capsomer to the next on the viral surface, but are discontinuous at the trisymmetron and pentasymmetron boundaries. Therefore, it should be possible to improve the accuracy of the position and orientation with which the homology model was placed into each capsomer density, at least within one trisymmetron. This was accomplished by determining the coefficients of a third-degree polynomial that gave the best agreement with observed values for the orientation and central position of each trimer. The polynomial function used to examine the positions of all capsomers in one trisymmetron was:
where the position of each capsomer is given by x 1 , x 2 , x 3 relative to a coordinate system used to represent the cryoEM density. Similarly, the orientation relative to a standard orientation of the homology model is given by the Eulerian angles x 4 , x 5 , x 6 . The h and k indices identify each capsomer on the surface of a trisymmetron. The origin of this (h, k) hexagonal system is taken to be in the middle of a trisymmetron, coincident with an icosahedral 3-fold axis. The h and k values that determine the triangulation number 12 of the icosahedron are related to the h and k indices by an origin shift from a 5-fold to a 3-fold icosahedral axis.
Both Situs 40 and EMfit 41 were used to fit the capsomer model into each of the 18 capsomer densities within one asymmetric unit of a trisymmetron as well as the capsomer in the center of the trisymmetron on the icosahedral 3-fold axis. The polynomial coefficients, Dij, were determined using a least-squares procedure that minimized the difference between the observed and calculated positional † http://cryoem.ucsd.edu/programDocs/runRobem. txt and rotational parameters for all 55 capsomers within one trisymmetron (Table 2) .
Averaged density of the P50 capsomer
If [E(h, k)] represents the rotational and translational matrices that relate each capsomer, identified by the indices (h, k), to the homology model in the reference coordinate system (x), then u = [E(h, k)]x. If ρ h,k (u) is the density at position u of capsomer (h, k),
The [E] matrices will have been determined by the Situs or EMfit fitting procedures. The average density was calculated from ∑(ρ h,k (u)) taken over all capsomers in the asymmetric unit of the trisymmetron. These calculations were applied to all positions within a mask that defines the boundaries of the capsomer. The envelope used to define this capsomer mask was generated by setting a 4 Å radius around each atom of the homology model. The exact boundary of this mask was not critical to the overall process.
The averaged CIV capsomer density was used to modify and improve the P50 homology model by manually adding the previously omitted loops into the vacant density. The modified capsomer model was then refitted into the capsomer densities in the original CIV cryoEM density map in order to refine the [E] matrices.
Density correlation to estimate similarities among different copies of finger and zip proteins
The envelope of each of the seven visually recognizable finger proteins was determined ("segmented") with the AutoSeg routine 42 in program VolRover 49 and used to establish a separate density mask for each protein with the program MAMA 50 . Given the close positional match between the hexagonal arrays of capsomers and the hexagonal arrays of finger proteins, it was reasonable to apply the same translational and rotational operators to the finger proteins as had been used to average the P50 capsomers. The program IMP 50 was used to compute the correlation between each of the seven obvious finger proteins with the corresponding regions associated with every capsomer in the icosahedral asymmetric unit, and taking into account three possible orientations for each capsomer owing to its local 3-fold rotational symmetry. Hence, a total of 70 correlations were computed for each finger protein but only the highest correlation value associated with each capsomer was recorded in the plot (Fig. 5a and b) . The finger protein transformation matrices, [E], were used to compute the average finger protein density distribution (Fig. 5c) . The averaging procedure enhanced the density of the finger protein, whereas the surrounding density became more diffuse further away from the center of the finger protein where the transformation matrices [E] no longer described accurately the relationship between the proteins. Similar operations were also performed on the six zip dimers and six zip monomers (Fig. 6 ).
Illustrations
RobEM † was used to produce Figs 
Depositions
The CIV cryo-reconstruction map has been deposited with the European Bioinformatics Institute (accession number EMD-1580). Capsomer numbering same as in Fig. 2 . a Sqrt (x 1 2 + x 2 2 + x 3 2 ). b kappa = 2 × acos(cos(x 5 /2)cos((x 4 + x 6 )/2)).
